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The development of hydrogels for protein delivery requires protein—hydrogel interactions that cause
minimal disruption of the protein’s biological activity. Biological activity can be influenced by
factors such as orientational accessibility for receptor binding and conformational changes, and
these factors can be influenced by the hydrogel surface chemistry. (Hydroxyethyl)methacrylate
(HEMA) hydrogels are of interest as drug delivery vehicles for keratinocyte growth factor (KGF)
which is known to promote re-epithelialization in wound healing. The authors report here the
surface characterization of three different HEMA hydrogel copolymers and their effects on the ori-
entation and conformation of surface-bound KGF. In this work, they characterize two copolymers
in addition to HEMA alone and report how protein orientation and conformation is affected. The
first copolymer incorporates methyl methacrylate (MMA), which is known to promote the adsorp-
tion of protein to its surface due to its hydrophobicity. The second copolymer incorporates meth-
acrylic acid (MAA), which is known to promote the diffusion of protein into its surface due to its
hydrophilicity. They find that KGF at the surface of the HEMA/MMA copolymer appears to be
more orientationally accessible and conformationally active than KGF at the surface of the HEMA/
MAA copolymer. They also report that KGF at the surface of the HEMA/MAA copolymer
becomes conformationally unfolded, likely due to hydrogen bonding. KGF at the surface of these
copolymers can be differentiated by Fourier-transform infrared-attenuated total reflectance spectro-
scopy and time-of-flight secondary ion mass spectrometry in conjunction with principal component
analysis. The differences in KGF orientation and conformation between these copolymers may

result in different biological responses in future cell-based experiments. Published by the AVS.

https://doi.org/10.1116/1.5051655

. INTRODUCTION

The development of hydrogels as clinically translatable
protein delivery devices involves engineering a delicate
balance of efficient, localized, and controlled protein release,
while retaining the native conformation and orientation of
protein in order for it to perform its biological function.
(Hydroxyethyl)methacrylate (HEMA) hydrogels have been
of interest for several decades as drug delivery vehicles since
adsorption and diffusion of biomolecules into their porous
network structure was observed in contact lens research, and
due to their water content properties similar to those of bio-
logical tissues.'* While the development of HEMA or alter-
native hydrogel-based small molecule delivery has been
extensively studied given the ease of diffusion into the
hydrogel porous network, protein delivery poses more
complex issues.” We aim to design a hydrogel that maintains
the native conformation of the protein and presents the
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protein in an orientation allowing for binding to its target
cell surface receptors.

Keratinocyte growth factor (KGF), a member of the fibro-
blast growth factor (FGF) family, is of interest in the treat-
ment of chronic and traumatic wounds.*® Hydrogels for
biomaterial-based delivery allow for localized, controlled,
and extended delivery.””"" Upon traumatic injury, the epithe-
lium initiates an intraepithelial repair process which involves
the expression of mitogenic and motogenic proteins such as
KGE."" Prior work from our labs and other labs has shown
that exogenous addition of KGF in in vitro and in vivo
wound models can expedite the wound closure process.**'?

Binding of KGF to the KGF receptor, which is a cell
surface signal transducing receptor of the tyrosine kinase
family, occurs during the re-epithelialization process.'* This
binding event leads to cell division and migration of epithe-
lial cells to the wound site and aids the wound healing
process. KGF binding to the KGF receptor is mediated by
KGF binding to glycosaminoglycans on the cell surface such
as heparan sulfate and heparin prior to receptor binding. This
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eventually results in the formation of a KGF-heparin/heparan
sulfate-KGF receptor complex.'>™'® Therefore, the heparin/
heparan sulfate binding ability of KGF is an initial indicator
of its biological activity, and KGF must retain its native con-
formation and orientation in order to carry out this role."?
KGF binding to heparin/heparan sulfate is mediated by elec-
trostatic interactions due to the presence of sulfate groups.'?
We hypothesize that this interaction can be mimicked
through electrostatic interactions with the hydroxyl groups of
HEMA. By copolymerizing HEMA with molecules that
adjust surface electrostatics, we aim to identify effects on
KGF orientation and conformation. Introduction of these
molecules is also known to affect adsorption and diffusion
mechanisms at the surface.'”'®

Protein adsorption on biomaterial surfaces has been
viewed as an issue to understand and prevent; certain materi-
als of interest as biomedical implants have been shown to
cause adsorption of common blood proteins.'” These blood
proteins such as serum albumin, fibrinogen, fibronectin, and
von Willebrand factor adsorb in orientations that allow for
binding to cell surface receptors which leads to the activation
of pathways involved in clotting and potential thrombus
formation.'®* While the activation of thrombus formation
by blood proteins due to adsorption onto implant surfaces is
not ideal and potentially catastrophic, we want to promote
KGF orientations at our hydrogel surface that are able to
bind heparin/heparan sulfate and the KGF cell surface recep-
tor. However, surfaces of interest as implants such as poly-
styrene, polycarbonate, titanium, polymethyl methacrylate,
etc. rarely possess characteristics of a drug delivery device
such as the ability to load proteins into a material, and
release and deliver proteins over time. It is possible that a
copolymer of a material promoting adsorption with HEMA,
such as HEMA with methyl methacrylate (HEMA/MMA),
may lead to a receptor accessible orientation of KGF at the
surface.

Hydrophilicity of HEMA hydrogels promotes diffusion of
water and solutes into the porous network. Carboxylic acid-
containing monomers such as methacrylic acid (MAA) have
been reported to increase hydrophilicity.>*>* A HEMA/
MAA copolymer may promote increased diffusion of KGF
and potentially increase the concentration of KGF at the
hydrogel surface. However, this may be negated by stronger
electrostatic interactions between KGF and the copolymer,
which could lead to potential unfolding of KGF at the hydro-
gel surface, resulting in KGF unable to bind its receptor.

Our approach to the development and evaluation of
HEMA copolymers that will be designed to deliver biologi-
cally active protein involves the incorporation of (1) MMA,
which is known to promote protein adsorption, and (2)
MAA, which promotes increased protein diffusion.*” For the
reasons we have argued above, MMA and MAA containing
HEMA hydrogels were also extensively studied in contact
lens applications in studies on preventing protein
adsorption.**™ We have chosen to incorporate concentra-
tions of MMA and MAA into the copolymers that are
known to limit changes to the viscoelastic properties of the
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copolymers and result in hydrogels suitable for delivery to
tissues.>” Our efforts in understanding the effects of these
varied copolymer surfaces on KGF orientation and confor-
mation utilize Fourier-transform infrared-attenuated total
reflectance (FTIR-ATR) spectroscopy and time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) in conjunction
with principal component analysis (PCA).

Vibrational spectroscopic techniques such as FTIR-ATR
spectroscopy and sum frequency vibrational generation spec-
troscopy have been utilized in studying dynamic changes in
the protein secondary structure.**™*° FTIR-ATR spectroscopy
is our method of choice in this study due to the presence of
characterized spectra of proteins homologous to KGF from
the FGF family.”® Previous work by Byler er al. on the
amide I region (1600-1700cm™") of the FTIR-ATR spec-
trum of basic fibroblast growth factor (bFGF) deduced the
secondary structures indicated by peaks in the spectrum
through comparisons with the x-ray crystallographic struc-
ture.”® KGF and bFGF share 40% homology, and both are
growth factors containing five extended strands with reverse
turns, disordered/irregular regions, a receptor binding loop,
and a sixth disordered extended strand.’® Therefore, peak
assignments of bFGF secondary structures in the FTIR-ATR
spectrum have been used to guide peak assignments of the
secondary structures in the KGF spectrum.

The amide I region of protein FTIR-ATR spectra consists
of many overlapping bands corresponding to distinct second-
ary structures.”® Advancements in resolution enhancement
techniques such as Fourier self-deconvolution have improved
the level of information regarding the protein structure that
can be deduced from the FTIR-ATR spectrum.”

Fourier self-deconvolution of FTIR spectra consists of
transforming a region of interest back to its interferogram
stage, correcting for exponential decay in the corresponding
Lorentzian cosine waves that are revealed, and applying the
Fourier transformation to convert the spectrum back to the
frequency domain, thereby recreating the original spectrum
but now with significantly narrowed bandwidths.”' Fourier
self-deconvoluted amide I regions allow for improved peak
assignments corresponding to the secondary structure.’” In
this work, we compare the FTIR-ATR spectrum of active
and heat-denatured KGF in order to model conformational
changes that occur upon the unfolding of KGF. Spectral
characteristics of Fourier self-deconvoluted active and heat-
denatured protein can then be monitored via ATR spectra of
proteins at the copolymer interfaces.*~**3>

PCA of positive ToF-SIMS spectra of amino acids has
been used to analyze and compare the orientation of proteins
at interfaces.’**>2°3%33-9 Since KGF is not limited to only
orientational changes, which has been a constraint used in
previous investigations,*> PCA results must be interpreted as
describing both changes in KGF orientation and conforma-
tion that occur at the surfaces of the three copolymers.

We report the surface characterization of these hydrogel
copolymers, as well as differences in KGF conformation
observed by FTIR-ATR spectroscopy in conjunction
with Fourier self-deconvolution and differences in both
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orientation and conformation observed by ToF-SIMS in con-
junction with PCA.

Il. EXPERIMENT

2-(Hydroxyethyl)methacrylate (HEMA, contains <50
ppm monomethyl ether hydroquinone as inhibitor, SKU
477028), MAA (contains 250 ppm monomethyl ether hydro-
quinone as inhibitor, SKU 155721), MMA (<30 ppm mono-
methyl ether hydroquinone as inhibitor, SKU 55909),
trimethylolpropane triacrylate (TMPTMA, contains 600 ppm
monomethyl ether hydroquinone as inhibitor, SKU 246808),
2,2’-Azobis(2-methylpropionitrile) (AIBN, SKU 441090),
benzoin methyl ether (BME, 96%, SKU B8703), chlorotri-
methylsilane (SKU 386529), phosphate buffered saline
(PBS, pH 7.4, liquid, sterile filtered, and suitable for cell
culture, SKU 806552), and glycerol (SKY G9012) were pur-
chased from Sigma Aldrich. Human recombinant KGF was
purchased from Prospec, and the Alexa Fluor™ 488
Microscale Protein Labeling Kit was purchased from
Invitrogen (catalog #A30006).

A. Hydrogel copolymer preparation

0.5% crosslinked HEMA hydrogels were prepared by
using HEMA, 0.5 vol. % TMPTMA, and 0.2% BME dis-
solved in glycerol. The components were then mixed,
degassed, and injected in between silanized glass slides that
were separated by a 1.1 mm thick Teflon spacer and allowed
to polymerize under UV light for 30 min. HEMA/MMA and
HEMA/MAA hydrogels were prepared using 5.89 mol. % of
MMA and 5.89 mol. % MAA, respectively, and 0.5 vol. %
TMPTMA, 94.1 mol. % HEMA, and 0.128 mol. % AIBN.
The components were then mixed and injected in between
silanized glass slides that were separated by a 1.1 mm thick
Teflon spacer and were cured for 12 h at 50 °C and then for
24h at 70 °C. All hydrogels were removed from the glass
slides and washed three times at 70 °C in triply distilled
water. Glass slides were silanized in a dessicator under
vacuum using chlorotrimethylsilane. Hydrogels were cut into
1 x 1 cm? pieces and oven and vacuum dried for ToF-SIMS
experiments.

B. FTIR-ATR measurements

Spectra of KGF in solution and KGF at the surfaces of
the HEMA, HEMA/MMA, and HEMA/MAA hydrogels
were acquired using a Spectrum Two™ FTIR Spectrometer
equipped with a Universal ATR accessory containing a
diamond/ZnSe crystal. Sixty-four scans were acquired for
each sample at 4cm™" resolution and scanned from 500 to
4000 cm™". The spECTRUM software was used for the conver-
sion of spectra from transmittance to absorbance, baseline
correction, normalization, and ATR correction. KGF solu-
tions were prepared at a concentration of 25uM in PBS.
KGF was heat-denatured by heating at 90 °C for 30 min.
KGF spectra were determined by background subtraction of
PBS. Hydrogels were prepared by incubation in 250 nM
KGF solutions in PBS for 2h, and spectra of hydrated
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samples were acquired. KGF spectra were determined by
background subtraction using hydrogels that had been incu-
bated in PBS only. Crystallographic data reported in the
protein data bank (PDB) were collected using a A23 mutant
due to its stability.'® The first 14 of the 23 residues are a
loop structure. Our studies have been done with the full
length construct.

C. Deconvolution of FTIR-ATR data

The amide I region of the obtained spectra was Fourier
self-deconvoluted using oRIGIN PRO 2017. Parameters for
deconvolution were 0.5 for gamma and 0.1 for smoothing.
Peaks in deconvoluted data were identified using the peak
analysis tool.

D. ToF-SIMS

1 x 1 cm? hydrogels were incubated with 125 nM KGF in
PBS for 2h. In order to remove salts and loosely bound
KGF, all hydrogels were rinsed in stirred triply distilled
water twice for 30 s each. Hydrogels were then oven dried at
50 °C for 2 h and vacuum dried overnight. KGF reconstituted
in the presence of NaCl and PBS (Prospec formulation) has
been reported to retain its native structure up to 60 °C.'>¢°
Hydrogels without KGF were also oven dried and vacuum
dried. Positive secondary ion spectra were acquired on an
ION-TOF V instrument (IONTOF, GmbH, Munster,
Germany) using a Bis"™ primary ion source kept under static
conditions (primary ion dose <10'?ions/cm?). Three positive
spectra from two samples per copolymer type were collected
from 100 x 100 um regions (128 x 128 pixels). A pulsed
flood gun was used for charge compensation. The ion beam
was moved to a new spot on the sample after acquiring
each spectrum. Spectra were acquired using high current
bunched mode over a range of 0—1000 m/z. Mass resolution
(m/Am) at an m/z of 27 was between 5500 and 7000 for all
samples. Copolymer samples without KGF were mass cali-
brated using CH3;*, C,H3*, and C3;Hs*, and copolymer
samples with KGF were mass calibrated using CHj;™,
C,H;", C3Hs", and CsH,(N*. Mass calibration errors were
kept below 20 ppm.

E. Multivariate analysis

Peak lists were compiled for PCA analysis using the
ION-TOF SURFACELAB software. PCA analysis of the hydrogel
copolymers with KGF used a peak list of reported amino
acid fragments in the 0-200 m/z range.®' Only a list of amino
acid fragments allowed for visualization of differences in
conformation and orientation. Amino acid fragments that
overlapped with fragments from HEMA, MMA, or MAA
were eliminated from the peak list and resulted in a final list
of 11 amino acids [Table S1 (Ref. 73)]. PCA analysis of the
hydrogel copolymers without KGF used a peak list consist-
ing of all peaks in the 0-200 m/z range greater than three
times the background. Representative spectra of the copoly-
mers can be found in Figs. S2(a)-S2(c).”® Peak lists were
imported into the NESAC/BIO NBToolbox “spectragui”
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program written for maTLAB (Mathworks, Inc., Natick,
MA).®® Data sets were normalized using the sum of selected
peaks, mean centered, and square root transformed prior to
PCA analysis. Amino acid intensities for the analysis of the
KGF receptor binding site (serine and threonine) were nor-
malized to the sum of all selected amino acids peaks in order
to account for any existing variations in protein surface con-
centration. One-way analysis of variance (ANOVA) of
samples was computed using ORIGIN PrRO 2017.

lll. RESULTS

A. Surface characterization of the hydrogel
copolymers by ToF-SIMS and PCA

Figure 1 indicates the structures of the copolymers of
interest. PCA was performed in order to determine whether
the surfaces were distinguishable. Figure 2(a) of PC1 scores
shows that PC1 captured 61% of the variance in the data set,
and the HEMA/MAA and HEMA/MMA surfaces were dis-
tinguishable, while the HEMA/MAA and HEMA surfaces
were not distinguishable and the HEMA/MMA and HEMA
were distinguishable at the 95% confidence level. PCI1 load-
ings in Fig. 2(b) showed that the HEMA/MMA copolymer
was distinguished from the HEMA/MAA and HEMA copol-
ymers by C,Hg¢*, C3HgO™, CsH,o", and C4HoO*, while the
HEMA/MAA and HEMA copolymers are distinguished
from the MMA copolymer by C4H;,* and C4H;,". The PCA
scores also show that the HEMA/MMA samples appear rela-
tively homogeneous while heterogeneity was seen in the
HEMA/MAA and HEMA copolymers. PC2 captures 19% of
the variance and the three copolymers are not distinguishable
at the 95% confidence interval as seen in Fig. S3(a) of the
supplementary material. However, the HEMA/MAA copoly-
mer exhibits both positive and negative scores while the
HEMA/MMA and HEMA copolymers only exhibit positive
scores. The peak with the most prominent negative loading
in PC2 was due to C,HsO™ as seen in Fig. S3(b), which is a
previously reported characteristic fragment of HEMA,®* and
it is indicated in PC2 to be a major constituent of all three
copolymers.

The surface percent of the 5.89 mol. % MMA in HEMA
copolymer was determined by calculating the peak area ratio
of the highest PC1 loading, C4HoO* [Fig. 2(b)], to the sum
of C4HoO" and the characteristic HEMA fragment C,Hs0",
which gives a MMA surface concentration of 5% +2%.
Principal component (PC) loadings have been previously
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used to determine distinguishing fragments at polymer
surfaces.®*°® This approach fails in the calculation of the
surface percent of the 5.89 mol. % MAA in HEMA copoly-
mer because PCl scores and loadings indicate that the
HEMA/MAA and HEMA hydrogel copolymers do not show
distinguishable fragmentation at the 95% confidence level.
Therefore, while C4H;o* has the highest negative PC1
loading, it is not able to provide information regarding the
MAA surface concentration of the HEMA/MAA hydrogel
copolymer. In order to get around this issue, we have relied
on previous literature reporting the characteristic fragmenta-
tion of MAA (Ref. 67) which reports C4;Hg and have calcu-
lated the peak area ratio of C4Ho"™ to the sum of C4Hy" to
C,HsO" which gives us a MAA surface concentration of
5% + 2% as well.

While the HEMA/MAA and HEMA copolymer surfaces
are not distinguishable by PCA analysis, differences in
protein orientation and conformation at the surfaces of these
copolymers are still of interest. High standard deviations in
surface concentrations also indicate that our copolymeriza-
tion process does not guarantee homogeneity at these sur-
faces; therefore, additional factors such as phase segregation
and topography may contribute to differences observed in
protein orientation and conformation at the surface and are
the subject of future investigations.

B. KGF conformation: KGF at the surface of the
HEMA/MAA copolymer appears to be unfolded;
Fourier self-deconvolution analysis

KGF secondary structural elements were assigned in the
amide I region of the FTIR-ATR spectrum of KGF in
aqueous solution. Complexities in the interpretation of the
amide II band (1500-1600 cm™") due to factors such as con-
centration, particularly across our KGF spectra collected
under different conditions, make it unsuitable for analysis.
Peaks were assigned by Fourier self-deconvolution and com-
parison to existing peak assignments of bFGF (Table I).”°
Differences between the structures of active and heat-
denatured KGF were deduced by Fourier self-deconvolution
of the respective spectra. Original spectra (1300-1700 cm™")
and deconvoluted spectra of the amide I region are shown in
Figs. 3(a)-3(c). Deconvolution revealed that heat-denaturation
results in changes to the extended strands (1637 cm™"), irreg-
ular/disordered regions (1647 cm™'), and loops (1654 cm™))
indicated in Fig. 3(b). All three peaks exhibit a shift to lower
wavenumbers (1634, 1640, and 1651 cm™! in the heat-

Ho Ho

O

\ oj Zooj OHOj

HEMA/MMA

HEMA

HEMA/MAA

FiG. 1. Structures of hydrogel copolymers that were crosslinked for the formation of pores.
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FiG. 2. (a) PC1 confidence limits at the 95% confidence level of the three hydrogel copolymer surfaces and (b) PC1 loadings.

denatured form), as well as an overall shift in the maxima of
the amide I region to lower wavenumbers (from 1637 to
1628 cm_l), as seen in Fig. 3(c). Additionally, the active
form of KGF shows that the three peaks have relatively
similar absorbance-related intensity. In contrast, the heat-
denatured form of KGF exhibits a much lower
absorbance-related intensity for 1651 cm™' relative to the
peaks at 1634 and 1640cm™'. Using these guidelines for
structural changes in KGF due to unfolding, we have ana-
lyzed how the HEMA, HEMA/MMA, and HEMA/MAA
surfaces influence KGF conformation.

Figures 4(a)-4(d) show the amide I region of normalized
FTIR-ATR spectra corresponding to KGF conformation at the
three different hydrogel surfaces. The highest concentration is
seen at the surface of the HEMA/MAA copolymer, potentially
due to increased protein diffusion at the surface and into the
porous network due to additional hydrogen bonding from the
carboxylic acid in MAA. The HEMA-only hydrogel shows a
similar KGF surface concentration. The HEMA/MMA copol-
ymer presents the lowest KGF surface concentration.

A lower absorbance-related intensity in comparison to the
peaks at 1630 and 1641 cm™" is seen at 1653 cm™, which

TaBLE I. Assignments of secondary structural elements in KGF spectrum by
comparison to reported bFGF spectrum.

KGF peaks bFGF peaks

(cm™") (PBS) (em™) (D,0) Assignment®
1619 1620 Extended strands
1637 1634 Extended strands
1647 1644 Irregular/disordered
1654 1650 Loops

— 1656 Loops

1661 1662 Reverse turns
1669 1668 Reverse turns
1676 1674 Extended strands
1682 1681 Reverse turns
1687 1687 Reverse turns
1696 1696 Turns/carboxyl C=0

*Reference 50—the secondary structure of two recombinant human growth
factors, platelet-derived growth factor, and basic fibroblast growth factor, as
determined by Fourier-transform infrared spectroscopy.
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corresponds to the loops of KGFE % at the surface of the
HEMA/MAA copolymer [Fig. 4(b)]. A shift in the maxima
to lower wavenumbers as seen in heat-denatured KGF
[Fig. 3(c)] is also seen in Fig. 4(b). There are two loops in
KGF; the receptor (heparin)-binding loop and the loop at the
beginning of the protein that is right next to an additional
heparin binding site [Fig. 5(a), second loop not in the crystal
stlructure].15 Therefore, it is possible that the HEMA/MAA
copolymer is disrupting the loops through KGF-heparin/
heparan sulfate mimicking interactions, resulting in an
unfolded conformation. The HEMA/MMA copolymer alter-
natively appears to target hydrophobic regions of KGF. For
example, in the extended strands region between 1622 and
1634 cm™', the 1635cm™" has a lower absorbance-related
intensity to the 1646 and 1653 cm™', while the 1646 cm™
(irregular/disordered) and 1653 cm™! (loops) have similar
absorbance-related intensities as seen in the active KGF
spectrum. The crystal structure of KGF shows that the
extended strands create a tightly bound core [Figs. 5(a) and
S(b)].15 KGF at the surface of HEMA also appears to
develop an extra peak at 1646cm™" in the irregular/disor-
dered region. Overall, KGF adopts a native conformation on
the surfaces of the HEMA and HEMA/MMA copolymers
after a 2-h incubation, while it appears to unfold at the
surface of the HEMA/MAA copolymer.

C. KGF orientation and conformation: ToF-SIMS and
PCA show that KGF hydrophobic amino acids are
exposed at the HEMA/MAA copolymer surface while
hydrophilic amino acids are exposed at the HEMA/
MMA copolymer

Given that the FTIR-ATR results indicate that conforma-
tional differences in KGF occur on the three types of copoly-
mer surfaces, we must attribute differences in KGF seen in
the ToF-SIMS results to both orientational and conforma-
tional changes. Differences in KGF orientation/conformation
at the surface of the hydrogel copolymers due to MMA and
MAA addition were studied by PCA of the ToF-SIMS
results.

Figure 6(a) of PCI1 scores shows that PC1 captures 54%
of the variance in the data at the 95% confidence level. KGF
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Fic. 3. (a) FTIR-ATR spectrum of active and heat-denatured KGF in PBS, (b) Fourier self-deconvoluted FTIR-ATR spectrum of active KGF in PBS, and
(c) Fourier self-deconvoluted FTIR-ATR spectrum of heat-denatured KGF in PBS.

orientation/conformation at the HEMA/MMA and HEMA/
MAA copolymer surface regions is distinguishable at the
95% confidence level.”® KGF orientation and conformation
at the HEMA surface regions displays characteristics seen in
both the HEMA/MMA and HEMA/MAA copolymers.

Amino acids used in the peak list [Table S1 (Ref. 73)]
were characterized as hydrophilic and hydrophobic in order
to determine whether the PC1 loadings indicated a pattern
for KGF orientation. Hydrophilic amino acids were found to
have positive loadings while hydrophobic amino acids had
negative loadings. PC1 loadings shown in Fig. 6(b) indicate
that the hydrophobic amino acids alanine, isoleucine/leucine,
and tryptophan were detected in high intensities at the
surface of the HEMA/MAA copolymer while hydrophobic
amino acids, with the exception of phenylalanine (a hydro-
philic amino acid), serine, threonine, glutamine, and argi-
nine, were detected in high intensities at the surface of the
HEMA/MMA copolymer. Phenylalanine may have loaded
positively due to electrostatic repulsion with MMA, similar
to the repulsion leading to phase separation in styrene/MMA
blends,®” which ultimately resulted in the phenylalanine
facing away from the MMA surface and being detected.
These results suggest that hydrophobic amino acids are ori-
ented outwards while mostly hydrophilic amino acids interact
with the HEMA/MAA surface, and that mostly hydrophilic
amino acids are oriented outwards while hydrophobic amino
acids interact with the HEMA/MMA surface.

Interestingly, hydrophilic amino acids are found both (1)
buried within the extended strands away from the solvent
exposed reverse turns and (2) also in the solvent exposed loops
and disordered regions.'” This suggests that in the HEMA/
MMA copolymer, both the hydrophobic nature of MMA and
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hydrophilic nature of HEMA may be contributing to interac-
tions with different parts of KGF. This is backed up by the fact
that the orientation/conformation of KGF at the HEMA surface
is not distinguishable from the orientation/conformation of
KGF at the HEMA/MMA surface at the 95% confidence level,
even though KGF orientation/conformation at the HEMA/
MAA and HEMA/MMA surfaces is distinguishable [Fig. 6(a)].

PC2 captures 37% of the variance at the 95% confidence
level and creates a distinction between the two different
HEMA/MMA samples that were studied [three different regions
studied on each sample; Figs. S4(a) and S4(b)]. PC2 scores
indicate that there is heterogeneity in protein orientation among
the HEMA/MMA samples. This suggests the possibility of dif-
ferent amounts of phase segregation at the surface caused by
the formulation method that may be causing minor differences
in protein orientation among the HEMA/MMA samples. The
HEMA/MAA and HEMA copolymers appear homogenous in
PC2, and PC2 loadings indicate no clear pattern distinguishing
orientation at the surface of the HEMA/MMA copolymer.

Of particular importance are the positive loadings of
serine and threonine in PC1 [Fig. 6(b)]. Mutations in resi-
dues T126 and S122 to alanine correspond to the biological
activity being reduced to 70% and 60% when evaluated
based on tritiated thymidine uptake in Balb/MK cells."”
These residues are in the receptor binding loop (residues
122-132). Threonine does not have a higher normalized
intensity at the HEMA/MMA surface at the 0.05 level
[Fig. 7(a)] but does have a higher normalized intensity when
three of the unexpectedly small values of threonine intensity
are omitted from the ANOVA analysis. In this case, threo-
nine has a statistically significant higher normalized intensity
at the HEMA/MMA surface in comparison to the HEMA
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Fic. 4. (a) FTIR-ATR spectra of KGF at the copolymer surfaces, (b) Fourier self-deconvoluted spectrum of KGF at the HEMA/MAA surface, (c) Fourier self-
deconvoluted spectrum of KGF at the HEMA surface, and (d) Fourier self-deconvoluted spectrum of KGF at the HEMA/MMA surface.

and HEMA/MAA surfaces as indicated by one-way ANOVA
at the 0.05 level (£, 1, =10.46, p <0.05). Precedence for this
omission is the previously mentioned heterogeneity at the
HEMA/MMA surface likely due to the formulation method.
The threonine values of samples 1-3 were omitted because
Fig. 6(a) shows that samples 1-3 contain significant overlap
with KGF orientation/conformation at the HEMA surface.
Serine has a statistically significant higher normalized inten-
sity at the HEMA/MMA surface in comparison to the

Fic. 5. (a) Crystal structure of KGF with secondary structural elements
labeled created in PyMol: red—reverse turns, orange—extended strands,
blue—disordered, pink—heparin binding loop, green—unassigned, (b)
crystal structure of KGF with hydrophobic (pink) and hydrophilic amino
acids labeled (blue) [PDB ID: 1QQK (Ref. 68)].
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HEMA/MAA surface as indicated by one-way ANOVA at
the 0.05 level (F, ;5=16.42, p<0.05) as seen in Fig. 7(b).
High normalized intensities of serine and threonine at the
HEMA/MMA surface indicate that KGF at the HEMA/
MMA surface may be in an orientation/conformation more
likely to bind the KGF receptor in comparison to KGF at the
HEMA or HEMA/MAA surface.

The KGF crystal structure in Fig. 5(b) is labeled with
hydrophobic (pink, Ala, Gly, Val, Ile, Leu, Trp) and hydro-
philic (blue, all remaining) amino acids labeled and shows
that hydrophobic amino acids are mostly found to flank the
beginning and end of the six beta sheets near the solvent
exposed reverse turns, while the hydrophilic amino acids are
found in the middle of the beta sheets. Though only 11 (12
including Ile/Leu) amino acids are included in the PCA, we
believe that our results are representative of the system
because Fig. 5(b) shows that hydrophobic and hydrophilic
amino acids tend to localize separately in KGF. Given this
knowledge, we believe that the inclusion of the remaining
amino acids in the PCA would be beneficial but is not possi-
ble due to the fragmentation of the hydrogels; hence, we are
comfortable forming the conclusions discussed below.

The results suggest that the HEMA/MAA copolymer inter-
acts with hydrophilic amino acids of the beta sheets near
solvent exposed regions and does not allow for accessibility of
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FiG. 6. (a) PC1 confidence limits of protein orientation/conformation on the hydrogel surfaces and (b) PC loadings at the 95% confidence level.

residues involved in receptor binding at the surface, while the
HEMA/MMA copolymer specifically interacts with hydropho-
bic amino acids and exposes hydrophilic amino acids found
within the receptor binding loop and beta sheets at the surface.

IV. DISCUSSION

The results of this study show that copolymers of HEMA
made to adjust the surface chemistry affect protein orientation
and conformation differentially. Our results suggest that the
HEMA/MMA copolymer is likely to allow for KGF to
remain in its native conformation and be receptor accessible,
while the HEMA/MAA copolymer causes KGF to unfold
and does not allow for KGF to be receptor accessible.

PCA of copolymer surfaces has been previously reported
to distinguish small changes in composition which can then
be used to explain differences in biological response, such
as cell adhesion at these surfaces.*®®"%7! Similarly, we
are able to use PCA to show that the HEMA/MMA and
HEMA/MAA copolymers are distinguishable surfaces
while the HEMA/MAA and HEMA surfaces are not, and
that our formulation method for copolymers results in hetero-
geneities at these surfaces. Our PCA scores regarding KGF
orientation/conformation are in agreement with PCA of
the copolymers because orientation/conformation at the
HEMA/MMA surface is distinguishable from the HEMA/
MAA surface but neither is distinguishable from the HEMA

a) 0.08
0.07 .
0.06 HEMA/MMA _
0.05
0.04

0.03-

HEMA/MAA

Thr
normalized intensity

0.02

0.01r

0

surface. Heterogeneity in orientation/conformation can
potentially be explained by the heterogeneities in the surface
composition.

FTIR-ATR analysis as well as other forms of vibrational
spectroscopy has been used in conjunction with PCA analy-
sis to interpret changes in orientation and conformation at
different copolymer surfaces.>'”’> Our FTIR-ATR results of
KGF at the surfaces of the three copolymers show that KGF
appears to adapt an unfolded conformation similar to that of
heat-denatured KGF at the HEMA/MAA surface but remains
in its native conformation at the surface of HEMA and
HEMA/MMA. There is also a higher surface concentration
of KGF at the HEMA/MAA and HEMA surfaces in compar-
ison to the HEMA/MMA surface. PCA of the ToF-SIMS
spectra indicates that the surface of the HEMA/MMA copol-
ymer has hydrophobic amino acids interacting with the
surface and hydrophilic amino acids oriented away outwards
while the HEMA/MAA copolymer has hydrophilic amino
acids interacting with the surface and hydrophobic amino
acids oriented outwards. Our observations regarding the ori-
entation and conformation of hydrophobic and hydrophilic
amino acids have been previously observed in AFM studies
of bovine serum albumin (BSA) adsorbed at the surface of
MMA/AA (acrylic acid) block copolymers.'® Hydrophilic
groups of BSA were oriented away from the MMA surface and
this was detected by differences in adhesive force between
BSA hydrophilic/hydrophobic groups and the AFM tip.

o
~

T
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0.016 HEMA 5

0.014F
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FiG. 7. Peak intensities of (a) threonine and (b) serine when normalized by the sum of selected peaks.
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Comparison of intensities of receptor binding site amino
acids has previously informed regarding receptor binding
capability of adsorbed proteins.? In our results, high normal-
ized intensities of serine and threonine at the HEMA/MMA
surface suggest that KGF is in an orientation/conformation
likely to bind the KGF receptor.

To summarize our interpretation of the results of this
study, we believe that the HEMA/MAA copolymer possesses
characteristics that are beneficial in obtaining a high surface
concentration of KGF. However, this strong interaction likely
leads to a less accessible orientation/conformation of KGF at
the surface with receptor binding amino acids facing toward
the hydrogel surface. The ability of the HEMA/MAA copol-
ymer to act as a drug delivery vehicle therefore depends on
the strength of the HEMA/MAA interaction with KGF in
comparison to the strength of the KGF receptor interaction in
the presence of epithelial cells containing the KGF receptor.
We believe that the interaction between HEMA/MAA and
KGF is potentially too strong, which leads to KGF unfold-
ing. The HEMA/MMA copolymer does not disrupt the con-
formation of KGF and unfolding is avoided potentially due
to these weaker protein—material interactions, and the PCA
results suggest that more regions of KGF are oriented away
from the HEMA/MMA surface and are more receptor acces-
sible. This interaction is possibly beneficial in the develop-
ment of the ideal drug delivery device.

V. SUMMARY AND CONCLUSIONS

We have characterized the abilities of HEMA/MMA and
HEMA/MAA hydrogels to promote adsorption and diffusion
at their surface related to KGF orientation and conformation
combining ToF-SIMS/PCA of the hydrogels, ToF-SIMS/
PCA of KGF orientation, and FTIR-ATR spectra of KGF
conformation. While neither polymethacrylic acid nor poly-
methyl methacrylate are ideal drug delivery vehicles, this
approach has allowed for the characterization of differences
in KGF orientation/conformation caused by new properties
of the modified HEMA surfaces. We believe that differences
in receptor binding and efficacy in wound closure among the
copolymers will likely be due to differences in KGF orienta-
tion and conformation. We aim to focus future studies defin-
ing the role of formulation-dependent phase segregation and
porous topography on KGF localization and orientation/con-
formation, and we will evaluate the effects of KGF orienta-
tion, conformation, and localization on receptor binding and
wound closure through in vitro heparin binding assays and
previously developed in vivo wound closure assays.*®
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